A need for human genetic models of CNS disorders
The derivation of human induced pluripotent stem (iPS) cells 1-4 allows limitless selection of donors carrying known genetic variants, including dominant single mutations, in order to study their effects using disease-relevant in vitro phenotypes 5, 6 . In some cases, such effects may rise high above the system's variability, inherent to culture conditions and unknown genetic backgrounds. This may be true for fully penetrant mutations causing familial disorders such as early onset Alzheimer's disease (e.g. PS1 and APP mutations) 7, 8 , or Parkinson's disease (SYNCA, etc..) 5 , or for rare monogenic diseases such as Adrenoleukodystrophy. Protein gain or loss-of-function can be monitored in relevant human cell types (such as neurons or astrocytes) with a previously unavailable precision. However, most neurological and psychiatric disorders, whether broadly defined as developmental or degenerative, are the product of complex environmental factors and combinations of genes, whose actions over the lifetime of the individual allow selective vulnerabilities to emerge in specific cell types of different tissues. Most instances of Alzheimer and Parkinson are so-called sporadic cases 9, 10 . Genome wide association studies (GWAS) have begun to uncover the plethora of coding or noncoding sequences involved 11 , and efforts are being made to tease out the individual variants'
contributions to disease onset 9, 12 . A common research goal is to make new variants fit within the decades old framework provided by the study of monogenic diseases, in model organisms and more traditional human cancer line cultures 13 . More interesting will be to see how these new associations can reshape our understanding of these diseases.
A fast evolving genetic engineering toolkit
To enable this paradigm shift, two complementary efforts must continue: 1) to use human donors as a cohort of spontaneously occurring mutants, while recognizing the great variability of genetic backgrounds and life histories 2) to isolate the effects of individual genetic variations presenting statistical association with disease by keeping constant as many biological parameters as possible 14 . In an otherwise highly defined culture system, genome engineering is the natural way to perform such an isolation of hyperlocal genotype from background effects. Gene-targeting tools based on homologous recombination, which is efficient in model organisms, proved remarkably inefficient in human cells. The status quo changed when it was realized that combining traditional targeting methods (knock-out or knock-in) with ways of creating double-stranded DNA breaks at specific loci, could improve the targeting efficiency by orders of magnitude. In rapid succession, remarkably coinciding and accompanying the development of better culture systems for human pluripotent stem cells, various nucleases were used as mutagenic agents. While zinc-finger nucleases 15 provided an improvement over meganucleases 16 in our understanding of their pairing rules with specific DNA sequences and TaleEffector nucleases (TALENs) made the system truly modular 17, 18 , allowing individual laboratories to design enzymes to cut specific sequences at will. This shortened the workflow for the generation of defined mutant cells from months to a few weeks. The true revolution allowing both widespread use of these technologies, and a more systematic trial-and-error approach, came, however, with the advent of the CRISPR/Cas9 system 19 . This bipartite system requires the transient co-expression of a constant moiety, the enzyme CAS9, alongside one or several sequences of RNA complementary of the sequence(s) of interest. The design of such guide RNAs (gRNAs) follows simple rules, and appropriate complementary targets are found at high density throughout the genome. Vectors for delivery of CAS9 and gRNAs were made readily available to the community, in a shining example of academic open-sourcing 20, 21 . Today, individual gRNAs sequenced for a target of interest can be cloned into a delivery vector and tested for their cutting efficiency within a matter of days.
With these tools in hands, it is now possible to target individual alleles with high efficiency in order to introduce or remove a particular genetic variant, while keeping the genetic background constant ( Figure 1A) . Human embryonic stem (ES) cells or iPS cells carrying such variants provide the essential starting material for any attempt at robust disease modeling in two or three dimensions. One can select a permissive genetic background, repairing the genome of a known disease-affected donor, or, alternatively, test the sufficiency of a particular genotype on phenotype presentation introducing the mutation in a random background. Given the flexibility of the system, actual epistatic analyses of various genetic contributions can now be performed. CRISPR is a fast-evolving technology, with modifications being introduced at a remarkable pace. For example, CAS9 was modified to be rendered inactive so as to simply block transcription where it preferentially binds following its gRNA 22 . Inactive CAS9 can be fused with trans-activator domains, to positively or negatively affect gene expression at control regions (promoter/enhancers) [23] [24] [25] . The enzyme can even be fused to epigenome-modifying enzymes 26 and affect genomic accessibility with pinpoint accuracy.
Recapitulating human neural development with 3D organoid cultures
In parallel to the development of better gene-modification techniques, the iPS boom fostered a diversification of methods ( Figure 1B and C Figure 1D ), and embedding into extracellular matrix for additional nutrient and structural support, allowing the generation of large neural tissues referred to as cerebral organoids 37 . In the absence of external patterning cues, neural cells of diverse anatomical and lineage identity can be generated within the organoids, including the predominant cortical forebrain lineage, as well as midbrain, hindbrain and hippocampal identity 37 . Addition of morphogens and growth factors can further promote the formation of organoids with refined regional identity 35, 36, [38] [39] [40] . Brain organoids can be maintained in suspension culture for prolonged period of time in neural maturation medium, facilitated by the addition of extracellular matrix and neurotrophic factors. Long-term culture of brain organoids allows the development of stratified cortex and the generation of post-mitotic neurons that form rudimentary cortical layers resembling early developing human brain. Furthermore, in vitro generated brain organoids display human-specific features such as the presence of an outer sub-ventricular zone and regulated spindle orientation at the ventricular surface 37, 39 . These species-specific features are posited to underlie the expansion of human brain in size and complexity compared to lower organisms, and yet their investigation was precluded in model organisms such as rodents. Therefore, human brain organoids represent a novel method to investigate the molecular, cellular, and anatomical paradigms of human cortical development.
Disease modeling with patient-derived iPSCs
The most attractive application of human cerebral organoid culture system is to model the origin and pathogenesis of human neurological diseases, especially in aspects that involve organ structure formation and complex cell-cell interaction otherwise difficult to investigate using simplified 2D culture. Albeit still at an early stage, disease modeling utilizing patient-derived organoids has begun to shed light on the pathophysiology of early developmental disorder such as microcephaly 37 , as well as adult-onset psychiatric disorder such as schizophrenia 38 . Starting from pluripotent stem cells, current methods of brain organoid generation mimic the early stages of neural development that parallel human fetal brain formation and therefore would be well adept at modeling neurodevelopmental disorders stemming from dysfunctional behaviors of neural precursors and immature neurons that can cause structural defects of the brain such as microcephaly, macrocephaly, lissencephaly, doublecortex syndrome, and polymicrogyria. Brain organoids containing mixed neuronal population, or pre-patterned towards specific subtype lineage can be powerful tools to investigate the establishment of proper cellular composite within a developing brain. Disturbance in the balance of excitatory and inhibitory neuron production has been reported in animal and human neuron models of autism spectrum disorders 41 . Indeed, overproduction of inhibitory neurons has been observed in brain organoids derived from patients with schizophrenia 38 . The ability to maintain brain organoids in culture for many months allows the maturation of neurons and neuronal network, providing a more physiological platform to understanding developmental disorders with electrophysiological imbalance, such as Rett syndrome, Fragile X syndrome, ASDs and epileptic disorders. Furthermore, selective degeneration of vulnerable neuronal and glial subtypes can be modeled in brain organoids, from human pluripotent stem cells with genetic predisposition for neurodegenerative disorders such as AD, PD, HD and ALS.
Microglia, the missing link
One of the great limitations in CNS disease modeling has been the absence of several key cell types such as microglia that, unlike the resident neural cell types that originate from the neural tube, derive from primitive macrophages at early stages of yolk-sac hematopoiesis [42] [43] [44] [45] , or endothelial cells that vascularize the early nervous system from the outside in. Microglia are particularly relevant to CNS disorders, as the only resident innate immune cell 46 . It is now recognized that microglia play a role in normal physiology during the early stages of CNS development, for example as phagocytes of apoptotic bodies from supernumerary progenitors 47 , or later as gardeners of the extensive arborization of neurons, pruning away synaptic contacts following signals under active investigation. As a result, the potential for microglial dysfunction to trigger, accelerate, or modulate the resolution of disease is becoming the focus of intense scrutiny. For example, recent GWAS of AD, PD or schizophrenia have highlighted several genes which are specifically expressed in microglia 48, 49 . Thus, any study of disease biology without evaluating the role of microglia misses a key biological interaction and may have limited value. In the developing and mature CNS, microglia are the first responders to pathogenic insults, whether it be invasion by pathogens such as viruses or bacteria, or overt injury from trauma or stroke. Microglia activated by certain triggers can turn directly cytotoxic to neurons or oligodendrocytes. They can also alter the permeability of the blood-brain-barrier through the release of proteases 50 , and secrete cytokines and chemokines to recruit and activate cells of the peripheral immune system (innate and adaptive) in a process known as neuro-inflammation 46 .
Once neuro-inflammation sets in, its unfolding can have more deleterious consequences than the original insult. This is particularly true in cases of bacterial or viral encephalitis 51 , or during stroke recovery, where conservative treatments attempt at dampening the reactivity of these cells. Importantly, while the ontogenic nature of microglia singles them out, their identity is shaped by residence in the CNS microenvironment. Primary microglia are notoriously difficult to study in culture owing to their incredible plasticity and their reactivity to isolation from their tissue of residence, highlighting a need for tissue-like cultures of these cells. Given microglia's early embryonic origin, and their inherent plasticity, pluripotent stem cells combined with defined minimal media culture conditions represent an excellent source of microglia-like cells for in vitro studies. We found (Nature Medicine, Accepted) that it is possible to efficiently generate primitive yolk-sac macrophages from pluripotent stem cells, and mature them in fully defined conditions into microglia-like cells. We also showed that exposure to neural conditioned medium can further refine their signature (as shown in Figure 1B) . Finally, we showed that these cells can be physically re-embedded into tissue-like three-dimensional neural cultures (as in Figure 1C ). As they mature in these conditions, microglia-like cells adopt morphological characteristics of so-called quiescent ramified microglia, and display the purine-sensing motility observed in vivo.
Environmental insults: the example of neurotropic viruses
The etiology of monogenic developmental disorders such as Rett syndrome or microcephaly may be studied using cerebral organoids as described above. The tools developed for such research are being established in a timely manner to tackle our mechanistic understanding of abnormal CNS development triggered by environmental insults. Several viruses have known neurotropic teratogenic consequences, and the recent outbreak of Zika virus (ZKV) is further highlighting the need for better humanized models. Until recently ZKV had not been linked to microcephaly. In just a few months, statistical analysis of case reports acknowledged the damning correlation between maternal infection and fetal malformations [52] [53] [54] [55] . Concurrently, in vitro models highlighted the remarkable cytotoxicity of ZKV for human neural stem cells 56 , and the ability of the virus to limit the growth of brain organoids 39, 54, 57 . However, much remains to be done to understand how maternal viremia may ultimately lead to fetal brain malformations, or what happens to an infected nervous system in absence of overt microcephaly. Pluripotent stem cell cultures present a unique opportunity to tease apart ZKV tropism for different cell types. These models may allow the study of viral dissemination from cell type to cell type. Enhanced brain organoids displaying cortical gyrification can be used to study the appearance of lissencephaly as well as microcephaly. Inclusion of microglia may model the early interactions of these immune cells with the virus, and their consequences on the surrounding developing CNS. Such studies will identify cellular viral carriers (Trojan horses), innate defenses, as well as long term reservoirs. In doing so, they will provide platforms to screen for therapeutic intervention at each instance of virus/cell interaction along the way.
Long-term 3D cultures: beyond developing mini-brains
Traditional 2D cell culture guarantees that most of the membrane of a given cell is in contact with either the artificial plastic substrate, or the acellular medium. The brain's extracellular matrix is a combination of amorphous interstitial components and compacted perineural nets, composed of proteoglycans and link proteins not found in other tissues 58, 59 . Classical bioengineering approaches using synthetic hydrogels and various biomaterials as scaffolds do not replicate the in vivo cell-to-cell, or cell-to-ECM contacts either. In contrast, self-organizing organoids 37 do allow cells to establish normal contacts with each other, as they lay out their own extracellular matrices. Cells are then free to differentiate, sort out or migrate in the structures they form, following some of the signals they would experience in vivo. In the case of CNS development, where signals necessary for the establishment of the dorso-ventral and rostrocaudal axes are relatively well understood, one can bioengineer methods to impose such polarities onto organoids as they form 60, 61 . Given the ability of pluripotent stem cells or neural progenitors to aggregate, grow and differentiate as three-dimensional objects, one can also envisage the purposeful re-aggregation of defined numbers of the main cell types of the nervous system, neurons, astrocytes, oligodendrocytes and microglia in static cultures, more amenable to longitudinal study than free-floating organoids. Individual cell types can be pre-differentiated separately, validated and sorted, before re-aggregation in thick three-dimensional stacks, in absence of additional scaffolds ( Figure 1C) . This would allow the study of contact, autocrine and paracrine non-cell-autonomous interactions. Such cultures can be used for drug screening or to compare isogenic lines and follow phenotypic output of engineered genotype variants.
Cells of the nervous system experience disease alterations in a complex system that is composed of many post-mitotic cells with limited lifelong turnover, with genetic and environmental factors exerting cumulative damage. Such damage may be difficult to model in two dimensional cultures, in no small part because the current culture systems include improperly designed rodent-centric media that do not match the normal human milieu, and require feeding schedules which are far from replicating the constant homeostasis found in vivo. As a simple example, it is not uncommon to see the pH of a routine neuronal culture drop from 7.3 upon feeding, to 6.0 before the next feeding. In the clinic, such a change would be associated with irreversible cellular damage, and negative vital prognostic. Energetic substrates' and excreted metabolites' concentrations vary widely with feeding schedules. Large insoluble byproducts of cellular metabolism, such as extracellular peptidic aggregates, are on the other hand diluted and washed off in the extracellular volume of medium bathing the cells. Canonical cell culture is performed at non-physiological atmospheric oxygen tensions (21%), when brain oxygen tensions are reported to be below 5%. As a result, large amounts of disease-modifying antioxidants (e.g. SOD, Catalase, Vitamin E) are part of most media recipes 62 . Teasing out the contributions of proteotoxic, metabolic or oxidative stresses to disease in those conditions is less than ideal. For this reason, new media, formulated to better mimic the human extracellular milieu and to allow synchronized maturation of multiple different cell types, must be developed 63 .
The major liability of dense tissue-like cellular structures comes from poor access to nutrients and oxygen, and poor excretion of the more soluble toxic metabolic byproducts (e.g. purine catabolites, excess lactate). In order to avoid these one must limit the greatest distance between a cell and the medium. For example, 500µm thick 3D cultures in Boyden chambers, exposed to medium from both apical and basal side, can remain viable for months (J.M., personal communication). Such cultures are well-suited to the study of neurodegenerative disorders, and the relative vulnerabilities of different cell types. Remarkable success was already achieved using mouse-derived ECM (albeit non-neural) gels as scaffold for 3D cultures of neurons and glia derived from immortalized human cell lines engineered to produce large amounts of beta-amyloid 64 . These efforts showed the recapitulation of the two hallmarks of AD, extracellular amyloid plaque formation, and intra-neuronal accumulation of tau tangles. In such models, it is likely that the hyper-production of amyloid coupled with the lower clearance of the secreted peptides in the ECM gel, leads to nucleation, plaque growth, and consequent taupathy. A more physiological model would rely on a single familial AD mutation, growing cells in a xenofree 3D culture without exogenously added ECMs (organoid or transwell stack). Organotypic cellular density and interstitial makeup would allow the study of plaque and tangle formation in a context further mimicking the patient's own cortical tissue. To manage long-term viability of thick cultures, iPS-derived neurons and glia can be grown in perfusable bioreactors, aggregating cells on 3D-printed artificial vasculature 65, 66 , allowing medium to be continuously flowed past and through the tissue ( Figure 1E ). Such bioreactors can have an open-circuit architecture, buffering metabolite variations due to feeding regimens, mimicking physiological homeostasis.
Conclusion
We expect the combination of genome engineering, novel perfusable 3D culture techniques, improved culture media, differentiation and inclusion of all relevant cell types, and morphogenimposed tissue polarity, to contribute to the establishment of greatly enriched human CNS disease models. Given that such concepts can be applied to other pluripotent stem cell-derived tissues, one can envisage studying the interactions of different organs through a common engineered vascular system, placing each organ behind relevant biological barriers. Efforts to miniaturize individual tissue models in microfluidic devices are on their way. As a timely example, we expect that in the near future, viral dissemination of Zika from the skin bite to the maternal bloodstream, through the placenta to the fetal brain, can be followed in a single dish so that the effects of drugs and genes on viral propagation and cytotoxicity may be assessed with ease. From 3D brain-in-a-dish, to 3D brain-on-a-chip, novel culture models combined with ad hoc genetic engineering are revolutionizing disease-modeling efforts. Robust differentiation and culture systems should make these technologies as user-friendly and open-source as genomic engineering has already become. 
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